( 1) where Z , , and K B are displacement of rotor, stiffness, and damping coefficient, respectively, in dimensionless forms. They are complex variables constituted as: Regarding the groove dimensions of the spiral-grooved journal bearings, it seems that we usually design them according blindly to a traditional standard aiming for maximizing the direct bearing stiffness. It is also the fact that the bearings designed according to this standard can realize comparatively good bearing performances. On the other hand, there have been considerably few discussions on optimum designs of the groove dimensions specialized for a reduction of amplitude of the operating run-out, which is a major characteristic for applications to precision equipments. The optimization of groove dimensions of the spiral-grooved journal bearings is, then, discussed in this paper. The subjects for optimizations are: 1) reduction of rotor displacement against a static load, 2) reduction of amplitude of the operating repeatable run-out (RRO) due to an unbalanced rotor mass, and 3) reduction of amplitude of the operating non-repeatable run-out (NRRO) against an external impulse load.
Definitions for normalizations are: 
A schematic diagram of the spiral-grooved journal bearings dealt in this study is shown in figure 1. It mainly consists of a stationary shaft and a rotating sleeve. Assumptions in theoretical approaches are:
For the evaluation of amplitude of RRO, we consider a centrifugal force due to an unbalanced mass of the rotor, and 1) The shapes of the shaft and the sleeve are geometrically perfect.
The slenderness ratio, d l , is assumed to be 1.0 for the numerical calculations. 2) The displacement of the sleeve is only in parallel scheme against the shaft without tilting. For the evaluation of amplitude of NRRO, we consider an external impulse load applied to the rotor, and
3) The bearing clearance is filled with an incompressible fluid, but free from occurrences of cavitation. (1) and (8)', we obtain evaluation index for the amplitude of RRO as: When an impulse load is applied on the rotor, the center of the sleeve may move against the shaft with an orbit such as figure 2(a), for an example. Figure 2 (b) shows a change of the absolute displacement against dimensionless time τ drawn from the orbit. Two kinds of evaluation indexes for the rotor behavior are then proposed; one is the maximum displacement , and the other is the integrated area max ε Σ swept by the displacement. They are presented in the dimensionless forms, respectively, as follows: Fig. 2 Example of an orbit of the sleeve against an impulse load In addition, we should never forget to examine whether the bearing operation is stable or unstable against 'half-frequency whirl', which is inherent in the hydrodynamic bearings. A characteristic value is formulated in the term of critical mass of the rotor, . The condition for critical state is obtained by applying the Routh-Hurwitz criterion to the equation (1) as follows:
OPTIMUM GROOVE DESIGNS ON EVALUATION INDEXES
Designing parameters for groove configuration in the study are: groove width ratio α , groove angle β , and dimensionless groove depth δ (normalized by ). The optimum design values are comprehensively searched by computational calculations for each subject expressed with the evaluation indexes. The subjects considered are maximization of (the currently recommended design criterion), minimizations of , , , and
Σ within the limits of the stable operation. A safety factor for rotor mass is now introduced for a margin of stable operation. The optimum groove design values in the following are, then, obtained under the condition that .
In this study, the bearing systems are supposed to be "smooth member rotating" state. is set to be 2.0. It is also noted that the currently recommended groove design (for maximization of ) is figure 4 indicates that if the appropriate groove designs, or in other words, designs with narrower and shallower grooves presented in the left figure, are applied to the bearing system, amplitude of RRO can be wholly reduced less than the half of that realized by the currently recommended designs. These results show that the groove designs consciously specialized for the subjects can improve the bearing performances several times as good as the current one.
CONCLUSIONS
The evaluation indexes for the operation of spiral-grooved journal bearings concerning static displacement of the rotor and amplitudes of RRO and NRRO are proposed. It is shown that the appropriate groove designs realizing the minimization of the proposed evaluation indexes can improve the bearing performances several times as good as the currently recommended design.
